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Cell culture is essential across cancer cell 
biology laboratories. Cancer cell lines that 
are attached to the culture vessel as mono- 
layers are routinely passaged to new ves- 
sels in order to produce a large number 
of cells for carrying out various experi- 
ments. Cell detachment from the extracel- 
lular matrix can activate numerous cell sig- 
naling pathways. For example, enzymatic 
cell detachment using trypsin activates 
the HIPPO pathway, resulting in phos- 
phorylation and inhibition of YAP within 
lOmin after cell detachment (1). Further- 
more, Bcl2 protein levels can be down- 
regulated, whereas p53 and p21 protein 
levels are upregulated immediately after 
trypsinization (2). It is likely that many 
additional pathways that play key roles in 
cancer cell biology are also impacted dur- 
ing cell passaging. Having a full under- 
standing of pathway activation during cell 
culture is essential for designing experi- 
ments and for accurate interpretation of 
results. 

Since its discovery in Drosophila 
melanogaster almost a century ago (3, 4), 
the Notch pathway has proven to regu- 
late numerous developmental processes as 
well as tissue homeostasis in multicellu- 
lar organisms (5). This conserved path- 
way has also been found to be dysregu- 
lated across a wide range of cancers (6). 
When Notch is activated by ligands of 
the Jagged or Delta family proteins, the 
intracellular domain of the Notch recep- 
tor is cleaved and translocates to the 
nucleus to activate transcription of down- 
stream targets, including the Hes fam- 
ily of proteins. Notch undergoes crosstalk 
with a multitude of signaling pathways 



such as p53, EGFR, Kras, Wnt, TGPp, 
sonic hedgehog, NFkB, and others (3, 7- 
12). Thus, dysregulation of Notch signal- 
ing can have global cellular consequences 
that modulate cell survival, behavior, and 
function. 

NOTCHI ACTIVATION BY 
FLUORESCENCE-ACTIVATED CELL 
SORTING 

During our studies on Notch signaling, we 
observed that Notchi was activated after 
fluorescence-activated cell sorting (FACS) 
of non-small cell lung cancer (NSCLC) 
cell lines. Even when unstained cells were 
passed through a cell sorter without being 
sorted for a specific population (sham- 
sort), the protein levels of cleaved, acti- 
vated Notchi were increased 17-fold, as 
compared to monolayer cells (Figure lA). 
The Notchi cell surface receptor is a het- 
erodimer held together, in part, by fi"ee 
calcium and Notchi activation can be 
initiated in a ligand-independent man- 
ner after calcium depletion (13). We rea- 
soned that the calcium-free phosphate- 
buffered saline (PBS) used for cell resus- 
pension or the EDTA- containing sheath 
fluid used for cell sorting could be respon- 
sible for Notch activation. We tested this 
by incubating trypsinized cells on ice 
in various buffers for 1 h, the approxi- 
mate time for cell sorting. The different 
buffers that we tested were calcium-free 
or calcium-containing EDTA-free buffers, 
as well as cocktails of sheath fluids 
(BD FACFlow #342003, Thermo NERL 
#23-332-408, and Phoenk Flow Systems 
Cheap Sheath). Notchi was still substan- 
tially activated between 8- and 15-fold 



(data not shown), as compared to directly 
lysed attached monolayer cells, suggesting 
that calcium deprivation in incubation 
buffers was not entirely responsible for 
Notchi activation. We thus concluded 
that although the cell sorting process 
itself might contribute to Notchi acti- 
vation, Notchi is activated when mono- 
layer cells are detached and incubated 
in suspension, independently of calcium 
depletion. 

NOTCHI ACTIVATION DURING 
MONOLAYER CELL DETACHMENT 

We next explored if Notchi activation 
is caused by cell detachment. As shown 
in Figure lA, a brief rinsing of mono- 
layer cells with calcium-free PBS did 
not influence Notchi activation. How- 
ever, every cell detachment method that 
we attempted resulted in increased lev- 
els of activated Notchi protein. Acti- 
vated Notchi levels were increased in 
monolayer cells that were detached by 
trypsin (0.25%, no EDTA), coUagenase 
II (7.5mg/ml), Accutase (Life Technology 
A1110501), and sodium citrate (135mM 
potassium chloride, 15mM sodium cit- 
rate) as compared to direct lysis of the 
attached monolayer cells (Figure lA). 
CoUagenase, sodium citrate, and accu- 
tase are generally believed to be rela- 
tively gentle, and to better preserve the 
integrity of cell membrane receptors, via- 
bility, and morphology (14-17). Detach- 
ment of cells by coUagenase activated 
Notchi to a similar extent as trypsin. 
Sodium citrate and Accutase substantiaUy 
activated Notchi by 27- and 110-fold, 
respectively (Figure lA). Because sodium 
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FIGURE 1 I Activation of IMotchI after detachment in cell culture 

(A) The cleaved, activated form of Notchi was blotted (Cell signaling 
#4147 anti-Notchl Val1744 antibody) on lysates from H1299 cells 
immediately after sorting ("sham"-sorted), from monolayer cells after 
a brief rinse in RPMI media or PBS, or from cells detached with 
trypsin, collagenase, sodium citrate, or accutase. (B) Quantitative 
RT-PCR of Hesi from mRNA samples collected either from attached 
monolayer cells immediately after trypsinization, or after an incubation 
in complete media at 37°C, 5% CO2, or on ice for 1 or 4 h after 



trypsinization. (C) Quantitative RT-PCR of Hesl from mRNA collected 
from attached H1299 monolayer cells, or after incubation of H1299 
cells at 37°C, 5% CO2 for 1 h after cell detachment by trypsin without 
(w/o) or with (w/) 0.5 mM CaClj, by gentle agitation (shake off) or by 
cell-scraping (scrape off). (D) Quantitative RT-PCR of Hesl from 
mRNA samples collected from tumorspheres or from dissociated 
tumorsphere cells that were incubated at 37°C, 5% CO2 for 1 h after 
dissociation either enzymatically by trypsinization or mechanically by 
pipetting. Error bars represent standard deviation. 



citrate chelates calcium and Accutase con- 
tains EDTA, which also chelates calcium, 
the activation of Notchi induced by these 
reagents was not surprising. Similar results 
were observed in additional cancer cell 
lines, including breast cancer MCF7 cells 
and prostate cancer LnCap cells (data not 
shown). 

ACTIVATION OF NOTCH SIGNALING 
DURING ROUTINE CELL CULTURE 

Notchi signaling regulates a wide range 
of processes in cancer, including cell pro- 
liferation, cancer stem cell self-renewal, 
cell survival, and epithelial-mesenchymal 
transition (6, 18, 19). Because cell detach- 
ment leads to transient Notchi activation 
in cancer cell lines, routine cell culture 



could inadvertently and repeatedly initi- 
ate transient Notchi signaling and alter 
these key cellular processes. We assessed 
whether cell detachment-induced activa- 
tion of Notchi results in upregulated Notch 
signaling. As a measure of Notch signal- 
ing, we examined transcriptional activa- 
tion of HESI, a universal Notchi tar- 
get gene, by quantitative RT-PCR (20). In 
both NSCLC HI 299 and A549 cell lines, 
as well as an immortalized lung epithe- 
lial cell line BEAS2B, HESI mRNA levels 
were upregulated 4- to 17-fold as early 
as 1 h, but returned to near-basal levels 
within 4 h following trypsin-mediated cell 
detachment (Figure IB). Similar results 
were observed in NSCLC H1838 cells (data 
not shown). As expected, incubation of 



trypsinized cells on ice for up to 4 h did not 
upregulate Hesl transcription (Figure IB). 
Thus, routine subculturing of monolayer 
cells using trypsin results in Notch acti- 
vation and signaling. For experiments in 
which the cells are on ice, such as dur- 
ing staining for flow cytometry, the Notch 
signaling pathway is not affected, despite 
Notchi receptor activation. However, once 
the cells are returned to cell culture, 
Notch signaling will be transiently upregu- 
lated. 

We further checked whether adding 
calcium to trypsin solution during cell 
detachment would prevent Notchi signal- 
ing pathway activation. CaCh (0.5 mM) 
was added to the trypsin and Hesl mRNA 
levels were still increased (Figure IC), 



Frontiers in Oncology | Cancer MolecularTargets and Therapeutics 



August 2014 [Volume 4 I Article 211 |2 



Liu et al. 



Subculture activates Notdil signaling 



suggesting the lack of calcium in trypsin 
is not the reason for Notch 1 activation. 
Because all the chemically mediated cell 
detachment methods that we tried resulted 
in activated Notch 1, we wondered if Notch 
activation can be prevented if cells are 
detached by mechanical forces, such as vig- 
orous agitation, a.k.a., shake-off (21), or 
cell-scraping. We utilized H1299 cells in 
these experiments because they are loosely 
adherent and detach easily during agita- 
tion. HESl mRNA levels increased more 
than eightfold, 1 h after a shake-off or 
cell-scraping (Figure IC). This demon- 
strated that the mechanism underlying cell 
detachment-induced Notch 1 activation is 
not entirely due to enzymatic cleavage of 
surface receptors or to calcium depletion. It 
is possible that cell morphological changes 
or disruption of cell-cell or cell-matrix 
interactions during detachment lead to 
cleavage of the Notch 1 receptor. Alter- 
natively, it is possible that once mono- 
layer cells are detached and in suspension, 
Notch ligands engage with their receptors 
more readily. This would be an interest- 
ing question to follow-up in future exper- 
iments. Regardless, Notch 1 was activated 
with every method attempted to passage 
monolayer cell lines. 

ACTIVATION OF NOTCH SIGNALING 
DURING TUMORSPHERE 
PROPAGATION 

We then surmised that repeated Notchl 
activation caused by cell detachment can 
be avoided by propagating cell lines as 
tumorspheres. H1299 and H358 lung can- 
cer, MCF7 breast cancer, and LnCap 
prostate cancer cell lines were expanded as 
tumorspheres, as described (21). Tumor- 
spheres were dissociated by trypsinization 
or were mechanically dissociated by vigor- 
ous pipetting. Dissociated cells were incu- 
bated in sphere media at 37°C for 1 h. 
HESl mRNA levels increased 2- to 11 -fold 
after trypsin-mediated cell dissociation in 
all four tumorsphere cell lines, as com- 
pared to direct lysis of tumorspheres. In 
contrast, mechanical disruption of tumor- 
spheres into single cells resulted in no 
appreciable increase of HESl mRNA lev- 
els (Figure ID), suggesting that mechani- 
cal dissociation of serial tumorspheres can 
avoid Notchl activation while propagating 
cells. We noted, however, that mechani- 
cal dissociation was not as complete as 



trypsin in dissociating tumorspheres to 
single cells, and therefore, this differ- 
ence could have contributed to the dif- 
ferences in HESl transcriptional activa- 
tion. 

In summary, we found that detachment 
of adherent cells using various cell enzy- 
matic, calcium depletion, and mechani- 
cal methods results in transient activation 
of the Notchl signaling pathway across 
various cell lines. Caution should be exer- 
cised when studying the Notch 1 pathway or 
pathways interacting with Notchl signaling 
after routine subculture of cells. It would 
be interesting to know if Notch2, 3, or 4 are 
activated similarly to Notchl. Notch4 was 
suggested to not be activated by EDTA (22), 
and therefore, it is possible that Notch4 is 
not activated during routine cell culture. 
Furthermore, because Notchl activation 
has known roles in modulating cell prolif- 
eration, stem cell properties, and survival, 
cell detachment-induced Notchl activa- 
tion may influence the outcome of func- 
tional experiments across numerous cell 
biology disciplines. Although there is not 
a currently known procedure for detaching 
monolayer cells without activating Notch, 
it is important to be aware of Notch 
activation when planning experiments. 
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